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A B S T R A C T

Analysis of P wave velocity profiles and seismic data recorded over the 2002 Hydratech

cruise conducted in the Storegga region, North of Norway, has shown the existence of

anomalies (a velocity decrease) in some layers of the medium. An elastic propagation

model is not sufficient to explain clearly these anomalies, since the viscoelastic

attenuation, represented by the quality factor QP, is sensitive to physical phenomena of

geological media. The combination of the quality factor profile with the velocity profile

leads to realistic explanations of these anomalies. In this article, we explain the procedure

which we developed for determining the QP profile from the P wave velocity profile and the

seismic data recorded during Hydratech cruise. Both the QP and velocity profiles indicate

anomalies in the same layers. Based on previous studies, we interpret that these anomalies

are being due to existence of gas hydrates and free gas within these layers.

� 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

L’analyse du profil de vitesse des ondes P et des données sismiques enregistrées pendant la

campagne Hydratech (2002) réalisée dans la région Storrega, au Nord de la Norvège, a

montré des anomalies (une diminution de vitesse) pour certaines couches du milieu. Un

modèle de propagation élastique, seul, n’est pas suffisant pour expliquer clairement ces

anomalies. L’atténuation viscoélastique représentée par le facteur de qualité QP est plus

sensible que la vitesse de propagation, aux phénomènes physiques des milieux

géologiques. De ce fait, la combinaison du facteur de qualité QP avec le profil de vitesse

mène à des explications réalistes de ces anomalies. Ce papier décrit la procédure que nous

avons développée pour déterminer le profil de facteur de qualité QP à partir du profil de

vitesse des ondes P et les données sismiques enregistrées pendant la campagne Hydratech

(2002). Nos résultats montrent que le profil de facteur de qualité QP, lui aussi, montre des

anomalies dans les couches caractérisées par des anomalies de vitesse. En se basant sur des

études antérieures, nous interprétons ces anomalies par l’existence d’hydrates de gaz et de

gaz libre dans ces couches.

� 2012 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

The viscoelastic attenuation is an intrinsic property of a
medium. It is due to a physical process that mainly results
from the friction between the particles and fluid diffusion
of the viscoelastic medium during the propagation of a
seismic wave. It can be quantified through the quality
factor, Q, which is the inverse of the intrinsic attenuation,
or energy loss per cycle, (w):

1

Q
¼ ’

4pW

where W is the average energy stored per cycle.
In the case of the strong dissipative media (e.g. Q < 30),

Q is frequency-dependent and also the velocity dispersion
must be considered (Červený, 2001). In our study, we
assumed a weakly dissipative medium (Q > 30), with Q

independent from frequency and we neglected velocity
dispersion (Červený, 2001).

The velocity profile determined from real datasets
recorded during the 2002 Hydratech cruise (Thomas et al.,
2004) in the Storegga region (North of Norway) shows
anomalies in some layers. Since the viscoelasic attenuation
is an intrinsic property of a medium, it is as well as the
velocity sensitive to the physical properties of the medium
(e.g. Mavko and Nur, 1979; Toksöz et al., 1979), this
attenuation can be used to explain the anomaly observed
in the velocity profile. Several laboratory and in situ studies
have shown the dependence between the viscoelastic
attenuation and the nature of sediments, such as grain size
and porosity (Hamilton, 1972; Mc Cann, 1969; Shumway,
1960), the presence of fluid in the sediments and its
amount of saturation all affect the viscoelastic attenuation
(Nur and Simmons, 1969; Toksöz et al., 1979). Nur and
Simmons (1969) explain the fluid effect on viscoelastic
attenuation by the relaxation time and the propagation
frequency. During the passage of a high frequency wave,
the fluid does not have enough time to return to its
equilibrium state, therefore attenuating the wave. How-
ever, during the passage of a low frequency wave, the fluid
has enough time to return to its equilibrium state, and
therefore the fluid does not attenuate the wave.

Several studies have shown the effects of gas hydrates
and free gas on wave viscoelastic attenuation (Gei and
Carcione, 2003; Guerin and Goldberg, 2002; Matsushima,
2006; Priest et al., 2006; Rossi et al., 2007). The viscoelastic
attenuation may be indicative of the presence of hydrates
and free gas in the pores, and to quantify their saturation
(e.g. Berryman, 1988; Gei and Carcione, 2003; Mavko and
Nur, 1979; Priest et al., 2006; Rossi et al., 2007; Wyllie
et al., 1962, 1963).

These considerations lead us to determine the quality
factor profile in the Storegga region from real data sets
acquired over the 2002 Hydratech cruise (Thomas et al.,
2004).

To determine the quality factor profile with high
accuracy and to obtain realistic results, we developed a
long and detailed procedure based on the wave amplitude
ratio in the time domain, between the main reflections
observed on the recorded seismograms. To carry out our
computation and to obtain the final quality factor profile,

we used the ray tracing software ANRAY (Červený, 2001;
Moczo et al., 1987), which we have modified to take into
account the medium viscoelasticity. We name the modi-
fied software ANRAYQ.

2. Acquisition of seismic data

The 3D seismic data used for this study were acquired
with a high-resolution system during the Hydratech cruise
carried out by Ifremer in 2002 (Thomas et al., 2004) in the
Storegga zone, North of Norway (Fig. 1). In order to
produce a signal with a high frequency (central frequency
at 100 Hz) and a good primary-to-bubble ratio, the seismic
source was composed of one Mini-GI gun (Sodera). The
amplitude of the signal source was nearly 3 bars, 1 m away
from the gun.

The 3D seismic data sets were acquired through the use
of two 515-m-long parallel streamers, whose active length
was 300 m; the distance between them was 25 m (Fig. 2).
To keep noise at an acceptable level, the streamers were
immersed at 3 m below the water’s surface. Each contained
48 receivers (hydrophones), with a distance between two
neighbouring receivers of 6 m (Fig. 2). The shooting
interval was 3 s (about 6.25 m at 4.5 knots): more than a
thousand shots were activated during the 3D acquisition. A
thorough analysis of the recorded seismograms showed
four main reflections corresponding to normal P wave
reflections without conversion throughout their propaga-
tion within sediment layers (Figs. 3 and 4). We chose the
shot numbers 600 and 601 for our study as these shots are
located near a region of known geotechnical characteristics
obtained through a past borehole study (Leynaud et al.,
2007).

Since no important changes are reported in the layer
geometry perpendicular to the navigation direction, a 2D
representation (Fig. 5) is sufficient to depict this geometry.
As shown in Fig. 5, the sea bottom depth varies from 875 m
to 1053 m along the profile and the sediment layers are
separated by no-plane interfaces.

The Hydratech work team of Ifremer, provided us with
the geometry and the velocity profile of the structure,
which were determined by using reflected data in the
inversion program RAYINVR (Zelt and Smith, 1992) and
Kirchhoff migration (Chavent, 1993). Also the uncertainty
in velocity which equals to �50 m/s and in depth which
equals to �5 m, were provided for us by this team.

Usually, the velocity increases with the depth (Hamil-
ton, 1976, 1980); however the velocity profile (Fig. 6)
shows a velocity decrease in layers 4, 7 and 9, respectively
situated at approximately 150 m, 270 m and 550 m from
the sea bottom. Note that Fig. 6 displays fewer layers than
in the Fig. 5 due to blending. This is caused by similarities
in the layers, parallel interfaces and equal velocities.

3. The ANRAYQ software

The ANRAY software (version 4.01) written by Gajewski
and Pšenčik (1986, 1989), is designed for ray, travel time,
ray amplitude, Green’s function and synthetic ray seismo-
gram computations. Evaluations of polarization vectors,
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metrical spreading and reflection/transmission coeffi-
ts are possible along the rays.

Rays can be computed by specifying the point-source
tion, the initial orientation of the slowness vector at

 source, the location of receivers distributed along a
face, interface or vertical profile and the elastic model
each layer of the medium.
The main characteristics of ANRAY software are:

s ability to take into account 3D elastic, anisotropic (21
dependent elastic parameters) and inhomogeneous

ropagation media with curved layers of nonzero
ickness;

lastic parameters inside layers can be determined
ither by a vertical linear interpolation between inter-
ces, on which constant values of elastic parameters are
ecified or by a 3D interpolation by B-splines with the

alues of elastic parameters specified in grid points of a
D grid;

� ability to use a point-source situated anywhere in the
medium as well as receivers distributed along the
surface, interface or vertical profiles.

In order to simulate wave propagation within a 3D
weakly viscoelastic medium, we replaced the real wave
propagation velocity, V, by a complex velocity, V*, and we
added the expression of viscoelastic attenuation factor, b,
in the ANRAY software. Eqs. (1) to (3) give the expressions
of V*and b:

V�ð~x; vÞ ¼ Vð~x; vÞ 1 � i

2Qð~x; vÞ

� �
(1)

(see, for example, Aki and Richards, 1980; Moczo et al.,
1987).

The hypothesis of weak attenuation ð1Q � 1Þ is suitable
for wave propagation within a large sediment range
(Lavergne, 1986). Under this assumption, the velocity

1. a: location of the Storegga slide area; the acquisition area is marked by the red square (http://www.hydratech.bham.ac.uk/index.htm); b:

raphical position of the acquisition area (Nouzé et al., 2002).

1. a : localisation de la zone du glissement Storegga ; la zone d’acquisition est signalée par le carré rouge (http://www.hydratech.bham.ac.uk/

x.htm) ; b : position géographique de la zone d’acquisition (Nouzé et al., 2002).

http://www.hydratech.bham.ac.uk/index.htm
http://www.hydratech.bham.ac.uk/index.htm
http://www.hydratech.bham.ac.uk/index.htm
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dispersion is usually very small and the Q can be considered
frequency-independent (Červený, 2001). Hence, Eq. (1) can
be written independently from frequency:

V�ð~xÞ ¼ Vð~xÞ 1 � i

2Qð~xÞ

� �
(2)

b ¼ ex p �v
Zreceiver

source

dx
!��� ���

2Vðx
!
ÞQðx

!
Þ

0
@

1
A (3)

With these modifications of the ANRAY software, the
latter is able to calculate the real value of the amplitude
and can be used in amplitude inversion problems. We
named the modified version of the ANRAY software
ANRAYQ. For more details about this modification, see
Bouchaala’s thesis, 2008.

4. Input parameters for ANRAYQ

To use the ANRAYQ software, we need the geometry
and the geoacoustical characteristics of the medium:
velocity profile and the density.

We use the velocity profile provided from the
Hydratech work team (Fig. 6). Using the porosity profile
acquired from the 300-m deep marine borehole (Fig. 7), the
density profile can be deduced by using the relation:

r ¼ r fl’ þ rð1 þ ’Þ (4)
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Fig. 3. An example of the seismic data showing the response of receiver

64 to the shot 600. The main reflections (with the layers 0, 6, 7, and 8) are

indicated by the arrows.

Fig. 3. Exemple de données sismiques montrant la réponse du récepteur

64 au tir 600. Les principales réflexions (sur les couches 0, 6, 7 et 8) sont

indiquées par les flèches.
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Fig. 2. Positions of the source (asterisks) and receivers (solid circles) for

the shots 600 (red color) and 601 (green color). The origin of the

coordinate system corresponds to the position of the shot 601. Shots and

sources coordinates were provided by Ifremer.

Fig. 2. Positions de la source (étoiles) et des récepteurs (ronds) pour le tir

600 (rouge) et 601 (vert). L’origine du système de coordonnées

correspond à la position du tir 601. Les coordonnées des sources et des

récepteurs sont fournies par Ifremer.

Fig. 4. Seismic profile along the northern flank of the Storegga slide

(Nouzé et al., 2002). The layers at the origin of the reflections shown in

Fig. 3 are indicated by the arrows.

Fig. 4. Profil sismique le long du flanc nord du glissement Storegga

(Nouzé et al., 2002). Les couches à l’origine des réflexions montrées sur la

Fig. 3 sont indiquées par des flèches.

5 1810 15 

0 

100 

200 

300 

400 

500 

600 

700 

Acqu isiti on direc tion 

Distance (km) 

D
ep

th
 (

m
) 

Fig. 5. Detailed subsurface structure geometry in the plane parallel to the

navigation direction (http://www.hydratech.bham.ac.uk/index.htm). The

red and green points indicate the positions of shots 600 and 601,

respectively.

Fig. 5. Géométrie détaillée de la structure sub-surfacique dans le plan

parallèle à la direction de la navigation (http://www.hydratech.bham.ac.

uk/index.htm). Les points rouge et vert indiquent respectivement les

positions des tirs 600 et 601.

http://www.hydratech.bham.ac.uk/index.htm
http://www.hydratech.bham.ac.uk/index.htm
http://www.hydratech.bham.ac.uk/index.htm
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ere w is the porosity, r is the total density, rfl is the
sity of pore fluids (mainly water) and rs is the density
olid grains (Hamilton, 1976). We assume that, rfl is
al to 1000 kg/m3. For sediments, rs is usually assumed
lie within 2341 and 2770 kg/m3, however in soft
iments, such as in this case, it can be equal to
0 kg/m3 (Hamilton, 1976).

Since the depth of the borehole is 300 m, only the
sity values for sedimentary layers up to that depth are
wn. Empirical models (Hamilton, 1978; Wyllie et al.,
6) are used to determine the density profile for the
per layers from velocity or porosity values. The model
Wyllie et al. (1956) allows us to relate the wave
pagation velocity, V, to the porosity. According to Rider
96), this model has been used in the determination of P
ve velocity and porosity for different types of sediments

we use the Wyllie model to calculate the theoretical
density values by using curve C (Fig. 8) and Eq. (4). We then
compare the theoretical values with the densities deduced
from points along the known porosity profile (Fig. 9).

In addition to Willie’s model, we tested other models,
such as Hamilton’s model (Hamilton, 1978). In this case,
the density values calculated from Willie’s model are in
better agreement with the known density profile. Howev-
er, there are some differences, particularly when the wave
propagation velocities are between 1.5 and 1.52 km/s, as in
the upper layers. When the wave propagation velocities
are higher, such as in layers 6 and 7 (1.78 and 1.69 km/s,
respectively), the differences between Willie’s model and
the known porosity profile are slight, about 3% for layer 6
and 1.4% for layer 7 (Fig. 9). Layers 8 and 9 are located

6. Velocity profile of the 3D acquisition area (personal

munication, Ifremer), with the number of layers.

6. Profil de vitesse de la zone d’acquisition 3D (communication

onnelle, Ifremer), avec la numérotation des couches.

7. Porosity profile measured in the borehole 6404/5 (Leynaud et al.,

7).

7. Le profil de porosité mesuré dans le forage 6404/5 (Leynaud et al.,

7).
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Fig. 9. Comparison of the densities determined from the porosities

measured in the borehole (red asterisks) against those issued from the

Wyllie model (blue asterisks). The numbers correspond to the order of the

layers in Fig. 6.

Fig. 9. Comparaisons des densités déterminées à partir du profil de

porosité mesuré dans le forage (étoiles rouges) avec celles déterminées à

partir du modèle de Wyllie (étoiles bleues). Les nombres correspondent à

Fig. 8. Wyllie’s model curves (Rider, 1996). Curve A: compacted

sediments. Curves B and D: basaltic layers. Curve C: soft sediments.

Fig. 8. Courbes du modèle de Wyllie (Rider, 1996). Courbe A : sédiments

compactés. Courbes B et D : couches basaltiques. Courbe C : sédiments

mous.
re des couches sur la Fig. 6.
. 8). Considering the soft sediments in the study region, l’ord
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below the 300-m depth-limit of the borehole, and
therefore the porosity is unknown. Given the similarities
in propagation velocity between layers 8 and 9 (1.81 and
1.71 km/s, respectively) and layers 6 and 7, we take the
same difference values of 3% and 1.4% to calculate the
deeper densities. This results in density values for layers 8
and 9 of 1896.90 and 1763.51 kg/m3, respectively. Using
the approximated densities is valid due to the similarities
between the layer velocities.

4.1. Density uncertainties

The mineral density is unknown, which leads to errors
in the density calculation. As mentioned above, the
mineral density, rs, can vary between two extreme
values, 2341 and 2770 kg/m3, which correspond to the
densitiesrmin andrmax, wherermin ¼ rwaterf þ 2341ð1 � ’Þ
and rmax ¼ rwaterf þ 2770ð1 � ’Þ. In this case (r = 1000f +
(1 � f)rs, rs = 2420kg/m3), the maximum possible error in
the density for each layer can be calculated as follows
(Eq. (5)):

Dr ¼ maxð rmin � rj j; rmax � rj jÞ ¼ 350ð1 � fÞ (5)

Considering the water as the only pore fluid can be not
true for some layers, especially at greater depth. Other
information about the fluid is required, such as concentra-
tion within the pores, nature of this fluid, temperature, etc.,
however it is not available in this study.

5. Method

The decreasing amplitude of a propagating wave is due
to geometrical spreading, reflection/transmission and
viscoelastic attenuation of the medium. The amplitude
at the receiver can be expressed as follows:

A ¼ A0

Rb
(6)

where A and A0 are the wave amplitudes at the receiver and
at the source, respectively, R is the geometrical spreading
and b is the viscoelastic attenuation.

In the case of a multi-layer medium, Eq. (6) can be
expressed as:

An ¼
A0

RnCnbn

(7)

where Rn, bn are the geometrical and the viscoelastic
attenuations, respectively, from the source to a receiver
and Cn is the reflection coefficient on the low interface of
the layer n.

We denote bh in as the viscoelastic attenuation of the
nth layer; it is equal to the ratio of the accumulated
viscoelastic attenuations of the waves reflected on two
interfaces, n and (n–1): bn

bn�1
. From Eq. (7), the viscoelastic

attenuation of the nth layer can be expressed as:

bh in ¼
bn

bn�1

¼ Rn�1

Rn

Cn�1

Cn

An

An�1
(8)

Along with the reflection coefficients, the transmission
coefficients are also calculated by using ANRAYQ, for the

passage of the wave from the layers 1 to n-1. We use the 1D
velocity profile (Fig. 6) and take account of the angular
dependence and the inclination of layers for the computa-
tion of reflection/transmission coefficients.

In this study, we are able to calculate bh i7 and bh i8 as well
as b6. We are not able to calculate bh i6 because the waves
reflected off the first five interfaces below the sea floor are
not visible on the recorded seismograms (Fig. 3). These
reflections are identified in Fig. 3, after comparison of their
observed arrival times and those calculated by using the
software ANRAYQ. The wave reflected from the bottom of
the layer 6 and 9 are reversed (Fig. 3), because of negative
impedance contrast between layer 6, 7 and 9, 10. The wave
reflected from the bottom of the layer 7 is not reversed
(Fig. 3) because of positive impedance contrast between
layers 7 and 8.

The accumulated viscoelastic attenuation ratio, b6
b0

, can
be expressed as:

b6

b0

¼ R0

R6

C0

C6

A6

A0
(9)

where b0 is the viscoelastic attenuation of a wave reflected
on the sea floor; it is considered equal to 1, so Eq. (9)
becomes:

b6 ¼
R0

R6

C0

C6

A6

A0
(10)

The seismic data was preprocessed (filtering, static
correction, etc.) by Ifremer, resulting in a good signal-to-
noise ratio. Unfortunately, details of the preprocessing
procedure, such as filtering frequencies, are not available.
We determined wave amplitudes manually for the
observed seismograms recorded by the 96 receivers. The
amplitudes were determined to be the waveform maxi-
mum in the time domain. We consider roughly that the
maximum uncertainty on the determined amplitudes,
caused by manual picking, to be about 3 mbar.

In the case of a homogeneous layer, we can deduce the
value of Q by using Eq. (3), from the following equation:

bh ii ¼ ex p � vri

2QiVi

� �
(11)

where ri is the length of the wave ray path in the layer, i,
crossed by the P wave.

6. Results

For each receiver, we determined the average quality
factor of the first six layers under the sea floor and those of
layers 7 and 8. The results (Fig. 10, Table 1) show that layer 7
has the smallest quality factor values (the highest visco-
elastic attenuation) and the layer 1 to 6 has the highest
quality factor values (the weakest viscoelastic attenuation).

We use the averaged QP value of 96 receivers for each
layer in the ANRAYQ software to recalculate the wave
amplitudes. We then compared the calculated amplitudes of
reflections on the sea floor and on the 6th, 7th and 8th
interfaces with the mean of the amplitudes manually-
picked from the observed seismograms. For example, Fig. 11
shows a shift of the calculated values from the mean of the
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ve amplitudes obtained from seismograms of the shot
 and for the third reflection. The numerical estimate of
 shift for all reflections and for both shots was assessed

the Root-Mean Square error, RMS (Table 1).
We minimize the RMS by a simple inversion, which
sists of a difference calculation between the observed
plitudes and those calculated by ANRAYQ software:

ðRMSÞ ¼ min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX96

i¼1

ðmeanðAobservedÞ � ðAcalculatedÞiÞ
2

96

vuuuut
0
BBBBB@

1
CCCCCA

(12)

We include the ANRAYQ software into the above
orithm. Since the initial value of the RMS is positive
each reflection, which means that Q is under estimated,

 add +1 to the value of Q at each iteration. The
putation is stopped when the RMS becomes less than

5 and relatively constant (see Fig. 12 for a further
lanation of the above inversion algorithm).

The final quality factor profile (Fig. 13 and Table 1),
shows that the highest average attenuation (the smallest Q

value) occurs in layer 7 and the weakest average
attenuation (the biggest Q value) is in the first six layers
under the sea floor.

7. Estimation of error in quality factor computation

As shown in the previous sections, the velocity, density
and amplitude of real data determined manually are
directly involved in the calculation of the quality factor. An
improper determination of these parameters can cause
errors in the quality factor values. In order to quantify the
effect of each parameter on the calculated quality factor
values, we recalculate the quality factor by adding the
maximum uncertainty to an individual parameter while
keeping the remaining parameters unperturbed. This test
(Table 2) shows that the higher errors in quality factor
values for each reflection are caused by the density
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Fig. 11. Amplitude values of third reflection for the shot 600: measured

(blue crosses), calculated by the software ANRAYQ, before and after

quality factor correction (red and green crosses respectively). Black solid

line corresponds to the mean of amplitudes.

Fig. 11. Valeurs des amplitudes de la troisième réflexion pour le tir 600 :

mesurées (croix bleues), calculées par le programme ANRAYQ, avant et

après correction du facteur de qualité (respectivement croix rouges et

croix vertes). La ligne continue indique la valeur moyenne des

amplitudes.
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10. Quality factor values of the main reflections recorded by all

ivers, in the case of shots 600 (red color) and 601 (green color):

aged over the layers 1 to 6 under the sea floor (asterisks); for the layer

rosses), and for the layer 8 (circles).

10. Valeurs des facteurs de qualité des réflexions principales à tous

récepteurs, dans le cas des tirs 600 (rouge) et 601 (vert) : valeurs

ennes pour les couches 1 à 6 sous le fond de mer (étoiles), pour la

he 7 (croix), pour la couche 8 (cercles).

le 1

ty-six receiver-averaged QP values for different layers, defined by using Eqs. (8), (10) and (11) of section 5 (average QP), QP standard deviation (d).

parison of ANRAYQ-calculated amplitude values to those issued from analysis of recorded seismograms for the four main reflections (RMS), corrected

es of QP after minimizing RMS by the inversion explained in section 6 and Fig. 12 (corrected QP).

eau 1

urs moyennes du QP des 96 récepteurs pour les différentes couches, définies par l’utilisation de Eqs. (8), (10) et (11) de la section 5 (average QP), Écart-

 de QP (d). Comparaison des amplitudes calculées par le programme ANRAYQ et celles déterminées à partir de l’analyse des sismogrammes, pour les

tre réflexions principales (RMS), les valeurs de QP étant corrigées après la minimisation du RMS en utilisant l’inversion expliquée dans la section 6 et

12 (corrected QP).

Shot 600 Shot 601

flection 0 6 7 8 0 6 7 8

erage QP 1 143 52.72 76.29 1 141 46.93 77.12

7.29 7.69 7.40 10.75 5.47 9.15

S (mbar) 12 8 14 14 10 13
rrected QP 160 57 82 164 53 85
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uncertainty. In fact, the density is determined with less
accuracy than other parameters. In addition, the quality
factor of layer 8 has a maximum error. This is caused by
accumulated errors from the upper layers.

8. Discussion and conclusion

The final quality factor profile shows that the first six
layers presented the lowest average viscoelastic attenua-
tion (i.e. the highest QP), whereas layer 7 was the most
attenuating layer (i.e. the lowest QP).

Finding of the highest QP from averaged QP values,
relative to the first six layers, comes from water saturation
due to the proximal seafloor, and hence attenuation by
these layers is weak. The lowest QP value, which is found in
layer 7 characterized by the lowest velocity value, can be
explained by the presence of viscoelastic fluid. According
to models based on Biot theory in porous media, a major
cause of attenuation is wave-induced fluid flow (Carcione
et al., 2010).

Fields of numerous gas chimney-type structures are
observed in the seismic profile of the sedimentary
structure (Nouzé et al., 2004). Therefore, the fluid
contained in the layer 7 is most likely free gas and layer
6 should contain the gas hydrates. In this case, the interface
which separates layers 7 and 6 can be considered as a

Table 2

Uncertainties of physical parameters and their effects on the quality factor accuracy.

Tableau 2

Incertitudes des paramètres physiques et leurs influences sur la précision du facteur de qualité.

Parameter Uncertainty Error in quality factor for each reflection

Reflection 6 Reflection 7 Reflection 8

Velocity (m/s) �50 �7 �10 �10

Density (kg/m3) �350 (1–f) �9 �11 �15

Amplitude (mbar) �3 �2 �3 �5

Use calculated average Qp ANRAYQ of layer n 

Computation of reflected wave amplitudes of reflection n

RMS<5% and 

 Constant 
Qp+1 

Pass to the next reflection and use the 

corrected Qp in next computation 

Fig. 12. Flowchart of inversion algorithm used to correct and to improve the quality factor accuracy.

Fig. 12. Organigramme de l’algorithme d’inversion utilisé pour la correction et l’amélioration de la précision du facteur de qualité.
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Fig. 13. Quality factor profiles for the shots 600 (red color) and 601 (green

color): quality factors determined from the ratio of the measured

amplitudes (solid lines), quality factors corrected by calculation using the

algorithm explained in Fig. 12 (dashed lines).

Fig. 13. Profils du facteur de qualité pour les tirs 600 (rouge) et 601

(vert) : facteurs de qualité déterminés à partir du rapport des amplitudes

mesurées (lignes continues), facteurs de qualité corrigés par calcul en

utilisant l’algorithme expliqué en Fig. 12 (lignes discontinues).
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tom Simulating Reflector (BSR). The free gas concen-
ion depends strongly on the choice of saturation model
rcione et al., 2005; Westbrook et al., 2005).
As mentioned above, there is poor resolution between

 sea floor and the layer 6. Due to this complication, the
lity factor of layer 6, which may contain gas hydrates, is

 calculated separately from the five higher layers. The
ehole carried out in the study zone (Leynaud et al.,
7) and the velocity (Hamilton, 1979; Lavergne, 1986) of

 first five layers, indicate that their sediments should be
posed principally from saturated sands and clays; the

lity factor QP, for such sediments is between 30 and 150
vergne, 1986). Since the average quality factor of the
t six layers is about 160 (Table 1), the minimum value of
 quality factor of layer 6 should be equal to 210.
Relatively to the layer 7, the quality factor and the
ocity of layer 8 increases; however the velocity of layer
ecreases; this indicates the existence of gas hydrates

 free gas in layers 8 and 9, respectively. A comparison of
 velocity ratio, VP/VS, assessed from Ocean Bottom
mometer (OBS) data (P and S wave velocity profiles)
inst the value issued from Hamilton’s model (1979)
wed Bünz et al. (2005), to deduce that layer 8 contains

 hydrates. The value of QP in layers 6 and 8, are in
eement with theories that assume cementation of the
d frame due to the presence of hydrate (Gei and
cione, 2003), although there is still a debate about the
ct of hydrates on seismic wave attenuation (e.g. Chand
 Minshull, 2004; Guerin and Goldberg, 2002; Priest

al., 2006). On the basis of a laboratory gas hydrate
onant-column experiment, Priest et al. (2006) stated
t both P and S wave attenuations are highly sensitive to
all quantities of hydrate, with a peak between 3 and 5%

ration. For higher saturation, there is an attenuation
rease. Priest et al. (2006) explained the decrease of
nuation by the cementation of grain contacts caused by

reasing hydrate concentration, which leads to an
asement of the sand grain and an infilling of the pore
ce. As the sand grains become encased, the potential for
irt flow into the pore space is reduced. Therefore,
ording to these studies we can deduce that the
centration of gas hydrates in layer 6 and 8 should be
her than 5% and we can consider weak hydrates
ociation to free gas.

The comparison of QP and P wave velocity profiles
hlighted a good agreement between the variations of
ocity and QP values; indeed, the lowest values were
nd in the free gas-containing layer. The upper interface
he fourth layer cannot be considered as a BSR, because

 conditions required for gas hydrate formation (pres-
e and temperature) are not satisfied at this depth (Gei

 Carcione, 2003). The velocity anomaly at this layer can
explained by an overpressure of the water trapped in

 layer.
Shortage of time prevented us from determining the
lity factor from all shots, but since the structure layers

re considered homogeneous and their lithology was
umed as space-independent, the quality factor can be
sidered to slightly vary within each layer. Hence, the
lity factor calculated for each layer can be considered as
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207 p.

Leynaud, D., Sultan, N., Mienert, J., 2007. The role of sedimentation rate
and permeability in the slope stability of the formerly glaciated
Norwegian continental margin: the Storrega slide model. Landslides,
doi:10.1007/s10346-007-0086z.

Matsushima, J., 2006. Seismic wave attenuation in methane hydrate-
bearing sediments: vertical seismic profiling data from the Nankai
Trough exploratory well, offshore Tokai, central Japan. J. Geophys.
Res. 111, B10101, doi:10.1029/2005JB004031.

Mavko, G.M., Nur, M., 1979. Wave attenuation in partially saturated rocks.
Geophysics 56, 161–178.

Mc Cann, C., 1969. Attenuation of compressional waves in marine sedi-
ments. Geophysics 34, 882–892.
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